Management of spinal trauma is a complex and rapidly evolving field. To optimize patient treatment algorithms, an understanding of and appreciation for current controversies and advancing technologies in the field of spinal trauma is necessary. Therefore, members of the AOSpine Knowledge Forum Trauma initiative used a modified Delphi method to compile a list of controversial issues and emerging technologies in the field of spinal trauma, and a list of the 14 most relevant topics was generated. A total of 45 440 manuscripts covering the breadth of spine and spinal trauma were initially identified. This broad search was then refined using the 14 categories felt to be most relevant to the current field of spinal trauma. The results were further pared down using inclusion criteria to select for the most relevant topics. The 8 remaining topics were classification schemes, treatment of vertebral compression fractures, treatment of burst fractures, timing of surgery in spinal trauma, hypothermia, the importance of global sagittal balance, lumbar subarachnoid drainage, and diffusion magnetic resonance imaging. These 8 topics were felt to be the most relevant, controversial, rapidly evolving, and most deserving of inclusion in this summary. In summary, despite recent advances, the field of spinal trauma has many ongoing points of controversy. We must continue to refine our ability to care for this patient population through education, research, and development. It is anticipated that the new AOSpine fracture classification system will assist with prospective research efforts.
M
anagement of spine trauma patients, including spinal cord injuries, has evolved rapidly over the last several decades. This is variously attributed to a greater understanding of the pathophysiologic processes affecting spine trauma patients, a more thorough comprehension of spinal biomechanics, improved instrumentation and surgical techniques, and improved patient triage and medical management strategies. However, this rapid expansion of information has led to an exuberant amount of literature to be digested and incorporated into existing patient management algorithms. This glut of information can contribute to the confusion regarding the optimal management of victims of spinal trauma with and without spinal cord injury. This paper was developed to provide an overall review of the current body of spine trauma literature, identify the most rapidly evolving fields, and concisely highlight the major points suggested by the literature to have benefit for the patient.
METHODS
The AOSpine Foundation is an international nonprofit organization dedicated to the concept of improving the care of patients with musculoskeletal injuries and other spinal pathologies by fostering education and knowledge through research and development. AOSpine North America identified 14 spine surgeons based on their significant knowledge and expertise in the field of spinal trauma. A list of relevant and current topics in spinal trauma was dispersed to these individuals. The list was edited and refined through multiple e-mails, personal communications, and direct telephone conference calls. At the conclusion of this process, the initial list had been distilled to the 14 topics considered most relevant and controversial by the panel of experts. These topics are:
1. corticosteroid therapy in acute spinal trauma, 2. odontoid fractures, 3 . timing of surgery in central cord syndrome, 4. thoracolumbar burst fracture treatment, 5. thoracolumbar vertebral compression fractures (VCFs), 6 . timing of surgery in spinal trauma, 7. blood pressure management goal, 8 . timing of magnetic resonance imaging (MRI) in spinal trauma, 9. hypothermia in spinal trauma, 10 . effect of global sagittal balance on clinical outcomes, 11. lumbar subarachnoid drainage, 12. minimally invasive surgery (MIS) strategies for thoracolumbar trauma, 13. diffusion MRI, 14. classification schemes in spinal trauma.
Numerous concepts of management of spine trauma patients are longstanding and have been consistently reiterated throughout the literature. In order to attempt to define and elucidate the most relevant and rapidly evolving topics within the field of spinal trauma, a repeat literature search limited to articles published in the last 5 years was performed. The percentage of new literature (ie, which was published within the last 5 years) was compared to all existing literature for a particular topic within the field of spinal trauma, spanning the period from 1966 to present. The percentage of the literature that was published within the last 5 years was then calculated using the following formula: number of manuscripts published within the past 5 years total number of manuscripts on the topic × 100
Using this method, the proportion of up-to-date literature for each particular topic was determined. Inclusion criteria were set such that a particular topic was considered relevant and/or rapidly evolving if (1) at least 10 manuscripts were published on the topic within the last 5 years, and (2) at least 25% of the material published on the topic occurred within the last 5 years. The topics which met the inclusion criteria were individually reviewed, and key articles were summarized on each relevant topic.
RESULTS
In total, 14 subtopics within the field of spine trauma were entered into the PubMed search engine on August 5, 2016 . This query included all documents returned from 1966 to present. This initial search identified 45 440 manuscripts. A further refinement of this literature search was performed by limiting the original search algorithm to include the 14 subtopic terms listed in Table. As previously stated, the 14 subtopics were determined by the results of the Delphi method performed by the expert spine surgeons identified by AO North America.
To determine the proportion of the literature for each of the 14 topics which are relevant in terms of rapidly changing or evolving literature, the percentage of manuscripts for each topic that were published within the last 5 years was calculated. Table) .
Based on the inclusion and exclusion criteria set a priori, 6 topics were excluded from further analysis. The following topics were excluded due to fewer than 10 manuscripts being published in the past 5 years: timing of surgery in central cord syndrome and MIS strategies for thoracolumbar trauma. The following topics were excluded because fewer than 25% of manuscripts were published within the past 5 years: corticosteroid therapy, odontoid fractures, blood pressure management, and magnetic resonance imaging. Eight of the original 14 topics met inclusion criteria and are discussed below. These results are also depicted in Table. 
DISCUSSION
The treatment of the polytrauma patient can be challenging. These patients often have concurrent injuries to multiple organ systems which can result in medical instability. The multiple injuries must be prioritized, and therapies aimed at 1 organ system must be reconciled with potential deleterious effects on another. An altered sensorium can preclude a comprehensive neurological examination, which can affect management of the patient's neurological injury. In spine trauma, the issue is further complicated due to the heterogeneity of spinal fractures, dislocations, and discoligamentous injuries. In addition to the enormous variability of patient-specific factors and concurrent injuries, other aspects unique to the spinal trauma patient that must be fully appreciated include bone quality, age, and baseline health and medical comorbidities. Thus, each spinal injury must be evaluated individually, with respect to its unique identity and complexity.
Despite the complexity of spinal trauma, there have been numerous advances in diagnosis and management, particularly over the last several decades. In order to attempt to quantify the relative relevance of recent contributions to the field of spinal trauma, a list of controversial topics was compiled by recognized spine trauma experts. This list was discussed, modified, refined, and finalized to 14 individual topics that are particularly controversial and noteworthy in the recent literature. These topics were considered to be the most current and appropriate for further discussion. By limiting the material to relevant manuscripts published within the last 5 years (ie, by requiring a particular topic to have greater than 10 articles and more than 25% of its total volume of literature published in last 5 years), only 8 topics met the inclusion criteria. These 8 subtopics can be further categorized as (1) ascertaining structural integrity of the spine, or (2) identification and treatment of the underlying pathophysiology of spine and spinal cord injury. These 2 categories can each serve as overarching themes for the discussion that ensues in this manuscript. Each theme contains 4 of the 8 individual subcategories that are included in this discussion. The spine structural integrity group consists of classification schemes, management of thoracolumbar burst fractures, management of VCFs, and appreciation of global sagittal balance. The second group, treatments targeting the pathophysiology of spinal injuries, encompasses timing of surgery in spinal trauma, hypothermia, lumbar drainage, and diffusion MRI.
Classification Schemes and Thoracolumbar Burst Fractures
The classification of traumatic spine injuries has always been complex and fraught with difficulty. Multiple competing and overlapping schema exist. Improvements in classification and categorization of spinal fractures have been affected by advances in our collective understanding of spinal biomechanics, as well as improvement of spinal imaging technologies (computed tomography [CT] and MRI). In addition, for a classification scheme to be uniformly accepted and applied clinically, the scheme needs to be useable by all treating surgeons and physicians. Spine trauma classification schemes should be comprehensive, reproducible, have low inter-and intraobserver variability, and facilitate the treatment and outcome of spine trauma patients.
Historically, spine classification systems were centered on the thoracolumbar region due to the high incidence of fractures in this area, and the relative uncertainty regarding definitive management. In 1938, Watson-Jones proposed a 3-category system for describing thoracolumbar vertebral body fractures based on an analysis of 252 radiographs. 1 In this early but comprehensive manuscript, Watson-Jones classified thoracolumbar vertebral body fractures as simple wedge fractures, comminuted fractures, or fracture dislocations. The author also proposed mechanisms of injury, options for reduction and fixation, outcome, pitfalls to therapy, and special cases such as jumped facets. Next, in 1949, the concept of "spinal stability" emerged in a key publication by Nicoll, 2 who established stable vs unstable fractures based on the integrity of the posterior ligamentous complex. As a greater understanding of anatomic and morphological principles accumulated, focus shifted to the multiple "columns" of support provided by the spine. Classification schemes began to further evolve under this premise. In the 1960s, many authors considered the spine to consist of 2 columns of support: an anterior column, which resisted compression, and posterior elements, which resisted tensile stress. 3 In 1980, the advent of CT provided consistent visualization of the osseous elements of the vertebra and posterior arch. During this decade, multiple authors refined the 2-column model of support into a more functional 3-column model. 4, 5 Importantly, in 1983, Denis underscored the importance of the middle osteoligamentous complex as part of the 3-column system he proposed in a retrospective review of 412 thoracolumbar injuries. Denis correlated the 3-column system with overall spinal stability and indications for intervention. 5 In 1994, Magerl et al 6 presented the AO classification based on a review of 1445 consecutive thoracolumbar traumas. While complex, this system represents a significant jump in the amount of information that can be conveyed regarding individual fracture patterns and moreover, one was able to classify any fracture seen. Magerl et al 6 discerned fractures into 3 main morphologies based on different mechanisms of injury: compression, distraction, and rotation. Numerous subcategories that reflect progressive damage further subclassify the injuries based on instability and propensity for neurological deficit.
Despite their strengths, these classification systems have weaknesses. They can be confusing, unwieldy at the bedside, and difficult to interpret, lack inter-and intraobserver agreement, and perhaps most importantly, lack prognostic value. Oner et al 7 confirmed these findings in a review of 53 thoracolumbar trauma patients with both CT and MRI available for review. The authors showed that the AO classification system had a low interobserver variability and a greater ability to describe all types of injury; however, this comes at the cost of more a cumbersome scheme. Conversely, the Denis classification, 5 while simpler and easier to apply clinically, leads to information loss. 7 Recently, there has been increased interest and discussion on classification systems. This review found that 31% of the publications on spinal trauma classification schemes were published in the last 5 years. The Spine Trauma Study Group, consisting of multiple spine physicians and both orthopedic spine surgeons and neurosurgeons, devised the Thoracolumbar Injury Classification and Severity (TLICS) Scale in 2005. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] This system has successfully merged the positive attributes and merits of prior classification systems, and functionally categorizes fracture patterns based on morphology of the injury, the patient's neurological status, and the integrity of the posterior ligamentous complex. The concepts of this system were subsequently successfully expanded to encompass injuries of the subaxial cervical spine through the Subaxial Cervical Spine Injury Classification System. 18 In 2013, in another multicenter group collaboration, the AOSpine Knowledge Forum on Spinal Cord Injury and Trauma, under the guidance of Vaccaro, devised the AOSpine Thoracolumbar Spine Injury Classification System (Figure 1) . 19 This classification system combines the merits of Magerl's AO classification of 1994 with the TLICS classification system. The result is a scheme that combines the morphological classification of the fracture (compression, tension band disruption, or translational injuries due to failure to all elements) with the patient's neurological status, as well as patient-specific modifiers that may be important in individualizing management plans. In 2016, Vaccaro et al 20 expanded the classification of subaxial cervical spine injuries in much the same manner, with the publication of the AOSpine subaxial cervical classification scheme.
Classification systems for thoracolumbar fractures were originally devised to guide therapy in an algorithmic and reproducible fashion, in order to standardize the way fractures were cared for. Still, the optimal treatment of the thoracolumbar burst fracture is controversial, especially in the patient that is neurologically intact, or with fracture morphology that is of low or intermediate severity. This controversy is illustrated by the fact that 28% of the literature on this topic was produced in the last 5 years, with no strong consensus. Recently, this matter has been addressed by 3 prospective randomized studies. In 2 studies, the authors concluded that surgery for thoracolumbar burst fractures in the neurologically intact patient offered no advantage to more conservative measures, while a third author recommended that short-segment fixation be used over nonoperative management in type A3 injuries (the "incomplete burst fracture"-a fracture involving a single endplate and the posterior vertebral wall) to reduce local and regional kyphosis and improve functional outcome scores at a mean follow-up of 4.3 years. 19, [21] [22] [23] The controversies have only increased with the recent introduction of MIS techniques. There has been some suggestion that less invasive procedures for thoracolumbar burst fractures may improve outcome. By limiting soft-tissue disruption and avoiding the risks of conventional open approaches such as thoracotomy and thoracoabdominal exposures, they may require less analgesia and permit a shorter recovery period. 24 However, in 2010, Fourney et al 25 noted in a small review series of degenerative spine disorders that, other than perhaps lower volumes of blood loss, there was no difference in rate of complications of MIS vs open surgical treatment, and there was no evidence to assess the effectiveness of strategies that reduce the risk of MIS-related complications. Furthermore, in 2015 Oh et al 26 reported their results of a MEDLINE literature review of the use of MIS for treatment of thoracolumbar burst fractures. The authors noted that, while MIS is being used increasingly in degenerative deformity surgery, the level of evidence supporting the use of MIS in the trauma population is low. 26 Another treatment option for thoracolumbar burst fractures that is even less invasive than MIS is immobilization through bracing. There has been recent resurgence of interest in the benefit and usefulness of bracing for these fractures. Bailey et al 27 performed a prospective study of 69 patients with thoracolumbar burst fractures of the AO type A3 morphology. It should be noted that the authors excluded patients with radiographic findings of spinal instability, eg, involvement of the tension band, or translational injuries. To be included in the analysis, patients were specified to be neurologically intact, skeletally mature individuals less than 60 years of age, with fractures occurring between T11 and L3, and less than 35 degrees of focal kyphosis at the index level. The authors found equivalency between orthosis and no
FIGURE 1. This diagram illustrates the pathway to classify thoracolumbar fractures according to the AO Thoracolumbar Classification scheme. A review of the fracture morphology through images will assess the severity of the injuries. If there is displacement or dislocation of the fracture, then it is categorized as a type C injury. When there is failure of the posterior tension band or failure in extension, the fracture is classified as a type B, with subclassifications noted. The least traumatic fractures are vertebral body fractures (type A) with their listed subclassification. Copyright by AO Foundation, Switzerland.
orthosis at interim analysis, and concluded that thoracolumbar burst fractures without injury to the posterior ligamentous complex are stable injuries. 27 In a follow-up study published in 2014, Bailey et al 28 further concluded that early ambulation without bracing is the preferred means of treating this clinical entity, as it lowers cost, avoids patient deconditioning, and is associated with fewer complications related to prolonged bed rest and brace availability. Thus, these studies do not support NEUROSURGERY VOLUME 80 | NUMBER 3 | MARCH 2017 Supplement | S27 bracing in stable thoracolumbar fractures in neurologically intact patients.
Vertebral Compression Fractures
The population is aging, and the relative proportion of elderly individuals continues to increase. There has been a corresponding increase in osteoporotic VCFs. Numerous retrospective studies with small sample sizes have noted a benefit to vertebral augmentation (kyphoplasty and vertebroplasty) for the treatment of VCF. Several authors have variously noted significant reductions in visual analog pain scores and Oswestry disability indices, significant restoration of vertebral height in acute and, to a lesser extent, chronic compression fractures, and decreased narcotic usage in patients treated with these therapies. [29] [30] [31] This topic has the greatest evidence base with 7 randomized trials. [32] [33] [34] [35] [36] [37] [38] The results of these studies are conflicting, however, the majority of authors report improved outcomes with vertebral augmentation compared to maximal medical therapy, similar to the aforementioned retrospective studies. The dissenting views on vertebral augmentation are 2 studies published in the New England Journal of Medicine in 2009, 32, 34 both of which used a sham procedure as a control, as opposed to best medial management. With these studies, there are significant methodology flaws, and the conclusions drawn must be interpreted with care. In the study by Kallmes et al, 34 there was a trend toward clinically meaningful improvement with vertebral augmentation (65% vs 48%, P = .06), and there was a significantly greater rate of crossover in the control group by 3 months' time (51% vs 13%, P < .001). Buchbinder et al 32 also reported no efficacy of vertebral augmentation when compared with simulated procedure. It should be noted that median duration of preprocedural symptoms in the augmentation group was 9.0 weeks, and 9.5 weeks in the placebo group. Less than one-third of participants had a duration of symptoms of less than 6 weeks. 32 The natural history of VCF is a decrease in axial pain with time, and it is known that vertebral augmentation is more efficacious for acute fractures than chronic. It is possible the authors treated a population of patients with chronic fractures that were too remote from the ictus to elucidate a difference. In properly designed studies, it therefore appears that surgical treatment of VCF with augmentation is effective and beneficial, but candidates must be chosen carefully.
Global Sagittal Balance
The importance of spinal global sagittal alignment and overall global spinopelvic balance for patient outcomes has been well established in spine deformity surgery population. 39, 40 The deformity literature, and our ability to understand overall spinopelvic alignment, has improved greatly. This has led to significant advancements in patient care and surgical outcomes. These principles are being used not only in deformity surgery, but are now pervasive in spinal degenerative diseases, spinal reconstruction, and spinal trauma. [41] [42] [43] The importance of this principle is noted in that 50% of the papers on this topic were published within the last 5 years. While there are no large series available, the importance of optimal spinopelvic alignment and global sagittal balance is self-evident. In the spine trauma population, optimal spinal alignment is required to place the body in an appropriate, upright biomechanical position in order to reduce pain and maximize use and rehabilitation of any preserved neurological function. These concepts may be of greater importance in those with neurological deficit, and is presently being studied. Koller et al 43 have proposed that a patient's ability to compensate for severely angulated kyphotic deformities is dictated by the interplay of spinopelvic balance and the fixed orientation of the pelvis. Eventually, the patient may reach the limit of their compensatory mechanisms, much as in the degenerative deformity population. These factors affecting long-term outcome should be kept in mind when evaluating the acute spinal trauma patient. Bailey et al, 27, 28 in their evaluation of efficacy of bracing, selected AO type A3 fractures for evaluation, intentionally excluding individuals with more severe injuries, and radiographic surrogates for instability (eg, local kyphosis greater than 35 degrees, loss of height more than 50 degrees, etc). The long-term natural history is not known with certainty, and longer follow-up is needed. The surgeon should always keep in mind the effect of overall global sagittal balance and spinopelvic balance when evaluating the trauma patient.
In addition to the advances in our comprehension and management of structural components of spine trauma, there has been further advance in understanding and treatment of traumatic spinal cord injuries. Some of these topics are also discussed in the chapter on spinal cord injury. However, due to their importance and rapid advancement in spine trauma, a brief review of the following topics is warranted in this manuscript: hypothermia in spinal trauma, timing of surgery, lumbar subarachnoid drain placement, and use of diffusion MRI.
Timing of Surgery for Spinal Canal Compression
There is ample evidence of the benefit of early surgical decompression in animal spinal cord injuries models; however, there has been a relative lack of literature illustrating a benefit in the human population. [44] [45] [46] [47] In 2013, Batchelor et al 47 performed a meta-analysis of the preclinical literature to examine the effect of urgent decompression on spinal cord injury in animal models. The authors noted that as compressive pressure and duration increased, greater neurobehavioral deficits were noted in the subjects after decompression. In a large and systematic review of manuscripts covering the treatment of human spinal cord injury, Furlan et al 46 illustrated that early surgical intervention was not only safe, but was associated with improved patient outcomes, reduced rates of complications, reduced length of stay, and overall reduced cost to the healthcare system. What constitutes "early" intervention, however, is not clearly defined. The term "early" has varied over the years; it has variously been ascribed to time periods ranging from 5 days to less than 24 h. Furlan et al recommend that decompression be considered between 8 and 24 h from injury. Over the last 2 decades, there has been a general consensus that earlier surgical intervention most likely carries greater clinical benefit if it can be accomplished safely. This principle was illustrated in the meta-analysis by La Rosa et al, 48 in which the timing of surgical intervention was analyzed in 1687 eligible spinal cord injury patients. "Early intervention" was defined as less than 24 h to decompression. In their analysis of neurological recovery in both the complete and incomplete spinal cord injured patients, the authors noted a clear benefit of early decompression when compared to either late decompression or conservative management.
The largest and most comprehensive assessment on neurological recovery and the timing of surgical intervention was performed by Fehlings et al. 49 The authors defined "early treatment" as spinal cord decompression occurring less than 24 h after the pathology was confirmed with imaging. A total of 313 patients were enrolled, with 182 patients in the "early" cohort (mean time to decompression: 14.2 h) and 131 patients in the "late" cohort (mean time to decompression: 48.3 h). Final analysis at 6 months postinjury revealed a significant advantage to early surgery, which the authors defined as at least a 2-grade improvement in ASIA impairment score (AIS). The authors also concluded that early surgery can be safely performed.
Hypothermia
In addition to early surgical decompression of the injured spinal cord patient, several other strategies have recently been employed in order to improve neurological outcome. One recent treatment strategy has been the use of hypothermia after spinal cord injury. This treatment was publicized after an incident in 2007 involving a professional football player that unfortunately experienced a cervical spinal cord injury during an National football league (NFL) game. 50 At the time of that incident, there was little evidence to conclusively support local or systemic hypothermia in the management of traumatic spinal cord injury.
The use of mild hypothermia to improve neurological outcome has been shown to result in improved neurological recovery after cardiac arrest. 51 Some literature supports the use of hypothermia in the treatment of traumatic head injury as a means of lowering refractory intracranial pressure, although the overall effect on outcome is controversial and beyond the scope of this text. In the care of traumatic spinal cord injury, there have been several case cohort studies reviewing potential benefit in a retrospective manner. In 2014, Hansebout and Hansebout 52 reviewed the longterm outcome of 20 patients with American Spinal Injury Association (ASIA) A spinal cord injuries treated with surgical decompression, glucocorticoid administration, and hypothermia. Of these 20 patients, 80% experienced some improvement of their neurological exam, with 30% improving to ASIA B, and 25% improving to ASIA C. The mean improvement in neurological level of injury is 1.05; however, despite their "success," further review of the data reveals that there was only a minimal motorlevel (1.7) and sensory-level (2.8) improvement.
In a 2013 case-controlled study, Dididze et al 53 reported that 35% of patients with spinal injuries and initial ASIA grade of A demonstrated functional improvement with hypothermia therapy, which the authors suggested was favorable when compared to historical controls. It should be pointed out that concurrent changes in tenants of medical management of spinal cord injury, such as earlier surgical decompression and more aggressive medical and pharmacological therapy, may serve as confounding variables. One may have concluded that hypothermia, along with the evolution of earlier surgical intervention, may have allowed these patients to have an improved neurological outcome. Although still controversial, hypothermia treatment may represent an additional tool which could be implemented concurrently with other modalities with a limited morbidity profile.
Lumbar Subarachnoid Drainage
Optimizing spinal cord perfusion as a means to minimize neurological injury and enhance neurological recovery has been a well-known and established treatment. Specifically, in the 2013 version of the Guidelines for the Management of Acute Cervical Spine and Spinal Cord Injuries, 54 the authors note at a level III recommendation that maintenance of mean arterial blood pressure between 85 and 90 mm Hg for the first 7 days following an acute spinal cord injury is beneficial. It should be noted that long-term pharmacologic maintenance of mean arterial pressure can lead to pulmonary complications, including acute respiratory distress syndrome. Aside from increasing mean arterial blood pressure, another potential technique to improved spinal cord perfusion is to decrease transmural pressure. Kwon et al 55 evaluated 22 patients within 48 h of traumatic spinal cord injury, and in a prospective and randomized manner, lumbar subarachnoid drains were inserted. No adverse events were encountered in the study. The authors noted that restoration of cerebrospinal fluid (CSF) flow through surgical decompression resulted in increased intrathecal pressure measured caudal to the site of injury, and throughout the postoperative period. Fluctuations in intrathecal pressure can potentially impair spinal cord perfusion, which would have otherwise gone undetected without real-time transduction of the intrathecal pressure. The authors concluded that lumbar subarachnoid catheters may be useful to document adequate perfusion pressure and decompression by gauging restoration of normal CSF flow in the thecal sac caudal to the injury, and measuring the perfusion pressure in much the same way that cerebral perfusion pressure is calculated. 55 One additional advantage of this technique is the ability to sample CSF in order to evaluate for cytokines or other potential biomarkers of spinal cord injury severity. 56 The authors demonstrated elevations in a number of inflammatory cytokines, potentially representing further areas for research into the biochemical pathophysiology of spinal cord injury in humans. Lumbar subarachnoid drainage at present it not widely used, and knowledge of its effect is still in its infancy. Further investigation in this area is needed.
Microstructural MRI Techniques
Treatment of traumatic neurological injuries have benefited greatly from advances in radiological technology. In particular, the use of CT and subsequently MRI has been invaluable in our understanding of fracture patterns and morphology, discoligamentous integrity, and more recently, damage to the parenchyma of the spinal cord itself. Standard magnetic resonance sequences demonstrate edema and hemorrhage within cord parenchyma, blurring the gray-white junction, and although the site of injury is grossly apparent, no further conclusion can be drawn. Diffusion tensor imaging (DTI) has revolutionized the study of eloquent tracts within the brain, but not only recently has this application lent itself to the spinal cord. Spatial resolution has proven to be a significant problem in the spinal cord, and distinguishing gray matter from white matter is more difficult than in tracts of the brain. In 2006, Ellingson et al 57 described a technique using newly developed anisotropy indices that resulted in larger contrast between gray and white matter than could be obtained with fractional anisotropy. The authors report this technique to permit significantly improved resolution of gray matter and white matter tracts. 57 Ellingson et al 58, 59 expounded upon this technique to obtain sharper contrast between spinal gray and white matter in 2 follow-up manuscripts in 2007. The authors describe the complex mathematical model used to enhance tissue contrast based on new anisotropy indices. Other authors have used this technology to study evolving spinal cord injuries in animal models. 60, 61 In 2008, Ellingson et al 62 used DTI to study 13 individuals and used the data to characterize the normal human spinal cord. The authors noted that this could provide a useful control comparison for future work on patients with spinal cord injuries. 62 More recently, several authors have used this technology to evaluate human spinal cord injury. Ellingson et al [63] [64] [65] studied 10 individuals with chronic spinal cord injuries, and noted that the areas of chronic spinal cord injury the fractional anisotropy was low, suggesting this can be a means to measure the extent of injured tissue. The authors also noted that diffusion magnitude was elevated at the locus of injury, but was reduced in areas that are removed from the site of injury. This may indicate that spinal cord injury is a more diffuse and systemic process. [63] [64] [65] In 2010, Kim et al 66 were able to use DTI for prognostication in a murine model. In this study, the authors assessed axial diffusivity of ventrolateral white matter in subjects with spinal cord injury. Histological analysis was performed on half of the subjects once the imaging was complete, and in the other half at 14 days. The authors noted a strong inverse correlation between neurological recovery and the amount of ventrolateral white matter spared by the insult. The authors noted that standard T2 sequences show extensive edema but lead to blurring or even loss of the ability to discern the gray-white junction acutely. They conclude that the proportion of tissue injury on axial diffusivity may be a means to predict which patients will improve. Loy et al, 67 in a similar study, noted that graded injury severity can be detected using DTI-derived sequences. This may represent a method to ascertain the severity of injury that a patient has sustained. At present, the utility that DTI has in guiding therapy spinal cord injury patients is still in its infancy (Figure 2 ). It has shown in animal studies and early human controls that it has great possibility for providing prognosis, but more studies are needed.
CONCLUSION
In summary, one can envision that with the numerous and concurrent improvements in our understanding of structural injury to the spine and spinal cord, as well as the biochemical pathophysiologic processes that underlie spinal cord injuries, the patients can hope for significant improvements in neurological outcome in the future. The most important concept to appreciate is that each modality listed above is not independent, but rather synergistic.
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